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Abstract: We have developed a micromachined bimaterial
cantilever with a thin-film ferromagnetic resonance (FMR)
sensor to probe rf fields near microwave devices. A
patterned permalloy film deposited at the tip of the
cantilever serves as the localized FMR probe. Power
absorption at the tip, under FMR conditions, results in a
proportional bending of the bimaterial cantilever. The
deflection of the cantilever is measured with an optical
lever. The small dimensions of the probe (20 pm x 20um
x 0.05pum) allows for measurements of rf magnetic fields

near microwave devices with 20 pum resolution and
minimal intrusion. The sensor is constructed of low-stress
silicon nitride and low-temperature-deposited silicon
oxide. The use of dielectric materials in the cantilever
beam minimizes the background signal produced by eddy-
current heating of the cantilever. Using this scanning
FMR probe we have measured vector-component-resolved
microwave field distributions near a 500 um wide stipline
resonator driven at 9.15 GHz

INTRODUCTION

We present here a non-contact, minimally
invtrusive probe for microwave circuits. The
probe is fabricated using surface and bulk
micromachining techniques. The approach is
similar to that of Wharton and Rodrique [1] who
employed ferromagnetic resonance (FMR) of a
0.4 mm diameter yttrium-iron-garnet sphere to
probe microwave fields near a stripline. In that
experiment, power absorption was inferred from
a change in the losses of the stripline. In
contrast, the calorimeter detector described here
measures the absorption in the probe directly,
eliminating the need to tap into the circuit. In
addition, the smaller volume of the
micromachined calorimeter probe results in
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minimal perturbation of the device under test
and significantly improves spatial resolution.

In previous papers, we reported on the basic
principles for detection of FMR with a
micromechanical calorimeter [2,3]. The sensor in
that study was based on a silicon cantilever
coated with a metal film. The very tip of the
cantilever was coated with the permalloy probe.
Absorption of microwave energy in the probe is
maximized when the microwave frequency
matches the FMR condition determined by an
externally applied dc magnetic bias field. The
resonant frequency can be adjusted by changing
the bias field, while different orientations of the
bias field can be used to sense different
components of the microwave field. Since the
absorbed power is proportional to the local
microwave intensity, this sensor can be used as a
microscopic scanning microwave power meter.

In this paper we describe modifications to our
original sensor design specifically intended for
scanning probe experiments on active microwave
circuits.  In particular, we discuss a cantilever
sensor constructed of low-pressure chemical
vapor deposited (LPCVD) silicon nitride and
silicon oxide films that together form a
freestanding bilayer cantilever (see Fig. 1). The
use of dielectric materials greatly reduces the
background signal produced by eddy-current
heating of the cantilever compared to the
previous metaklcoated Si design [2]. The sensor
will be useful for non-intrusive probing of high
frequency circuits. One may also consider this
system for frequency selective microwave
powered actuators for switches or filters.
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Fig.1. Calorimeter sensor constructed of silicon nitride and
silicon oxide films that together form a freestanding bilayer
cantilever. The cantilever is shown in close proximity to
an end-coupled microstrip resonator.

EXPERIMENTAL

A. Bimaterial calorimetry.

Consider a rectangular beam fixed at one end
comprised of two layers that have different
thermal properties. The deflection of the beam
can be estimated by solving the heat equation for
this configuration [4,5]. The temperature
increases linearly along the cantilever in the case
that FMR power absorption Pryg occurs at its
tip. If we assume that the thicknesses of the
cantilever layers are the same then the average
temperature of the cantilever is

)

D= oG+ 2) M

PFMR’

where [, w, t, and M\ are the length, width,
thickness, and thermal conductivity of the
cantilever respectively (subscripts refer to the
dissimilar parameters of the layers). The
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displacement of the end of the cantilever will

then be
zli nor 2)
42w\ A +A, |
where 9, - 9> is the differential thermal

expansion coefficient of the beam layers
assuming that the Young’s moduli £ of the
materials are roughly the same.

The thermal time constant for the cantilever
can be estimated as the ratio of the thermal mass
divided by the thermal conductivity

C, +C,

55)

Here, p is the density and C is the heat capacity
of each of the beam layers.
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B. FMR absorption.

The sharp FMR absorption of the
ferromagnetic probe tip is used to measure the
microwave intensity at the probe with frequency
selectivity. Absorption of microwave energy in
the probe is maximized when the Kittel
ferromagnetic resonance condition,
©=9H,,/1+ M, /H, is met [6]. Here @ = 2Mfyqgqis
the microwave frequency, H, is a bias field
produced by an external electromagnet, Mg is the
probe magnetization, and Y is the gyromagnetic
constant (2.31 x 10°® rad/s - (kA/m)"'). Only
microwave magnetic fields orthogonal to the bias
field can induce FMR. The microwave field can
have a component #;, in the plane of the thin-
film probe and a component 4,,, out-of plane (H,s
=hip + hop).

For the case of in-plane fields, we have
previously derived [ 7] the power absorbtion from
the  LandawLifshitzGilbert equation [8§]
describing the spin dynamics of a ferromagnet.
We showed that the microwave power absorbed
at resonance is Py, = UL, 0V, x;h; where iy =

4m x 107 H/m is the permeability of free space,
Vinag 1s the volume of the permalloy probe, #;, is



the amplitude of the in-plane component of the
microwave field and

, Mgy Mg+H
Xy == 7 €)
o o\ Mg+2H,
is the immaginary part of the in-plane

susceptibility. « is the phenemenological Gilbert
damping constant for spin decay.

The strong shape anisotropy of the thin-film
probe  suppresses the motion of the
magnetization out of the film plane. This results
in a FMR precession which is elliptical and a
reduced susceptiblity to out-of-plane fields:

%;:%;/(1+M5/H0)~ 4)
For linearly polarized microwave excitation, the
total power absorbed is the sum of independent

contributions from the x and y components
scaled by the ellipticity of the precession:

total :uow mag[%zp + %op ]

_ ;LLO mag
" 20(M, +2H )

(5)
Y[ +H, ik + Hoh2 |

If other than linear polarization is to be
considered, the contributions of the in-plane and
out-of-plane components can not be simply
summed. In that case, the microwave field can
be expressed as superposition of elliptically
polarized components of  the form
h,, =1+ M /H; h,, of which only the
Larmor component, circulating clockwise about
the bias field, is sensed.

Figure 2 shows the field orientations and the
probe configuration studied in this paper. The
cantilever probe is positioned about 50 um above
the center of a microstrip resonator. The resonant
frequency of the resonator is 9.15 GHz. The
resonator was made from a commercially
available 0.635 mm thick epoxy-ceramic
composite with a 20 um thick copper cladding
on both sides. The substrate material has a
dielectric constant of 9.7 and a loss tangent of

FMRQSTRIP '-.__i

637

MICRQSTRIF
RESCOMHATOR

CANTILEVER |

COUPLING =]

TORF VIEW

SIDE VIEW

EAF

LIME

Fig. 2. Top view and side view of the experimental
configuration for FMR calorimetry with a bimaterial
sensor.

0.003 at 10 GHz, as specified by the
manufacturer. The copper cladding was
patterned with photolithography and

subsequently etched in an FeCh solution to form
a microstrip resonator 0.5 mm wide and 6 mm
long. Microwaves are coupled into the resonator
through a 30 pm gap from an adjacent
microstripline. The cantilever and the resonator
are mounted on the kinematic stage of a
commercially available AFM. The AFM head
is, in turn, mounted in a precision electromagnet
capable of applying bias fields to 1.2 T.  The
magnetic film sample is saturated by the bias
field Hy and is oriented in the plane of the film
either parallel to or transverse to the long axis of
the cantilever. The microwave field is not
constant throughout the sample, changing
direction and magnitude as a function of position
along the film, as shown in the figure.

A summary of the parameters described
above for the cantilevers used in this work are
shown in Table I. The spring constant and
resonant frequency of the cantilever [9]

k. =wt'E /4l fon =k [0.24m,

respectively, are included in the table for
discussion purposes. The parameters are
evaluated at H; = 80 A/m (1 Oe) to simplify
scaling. Barnes, etal. offer a discussion of the
ultimate sensitivity, which is limited by thermal
excitation of the cantilever [4]. They have
demonstrated femtowatt sensitivity with a
bimaterial cantilever sensor. Given the thermal

and



Table 1. Cantilever parameters assuming /;, = 1 Oe at 9.15
GHz.
par value par value
l 1000 um Vnag 2x 10" m?
w 20 um H, 88 kA/m
t 250 nm H;, 1 Oe (80 A/m)
A 1.4 W/mK Friag 9.15 GHz
) 15 W/mK Pryr 2.2 uW
p  2x10° kg/n? AT 15K
C 100 J/kg-K d 79 um
C; 17 J/kg-K ks 1.9% 107 N/m
¥, 0.50 x 10%/K Seant 200 Hz
»  32x10°K! T rorm 8.5 ms
E 300 MPa o 0.01
Ve 1x 101’ x’ 242

M; 760 kA/m

Notes:
a) subscripts refer to dissimilar materials: 1 is for
silicon dioxide films and 2 is for silcon nitride films.

b)itisassumeds=t¢,,,p=p, E=E;,

noise level of 1 nm/JH: observed for our
instrument we estimate a similar power
sensitivity.

C. Instrumentation.

The detection electronics are typical of
electronic chopping measurement methods. The
schematic diagram is shown in Fig. 3. We
monitor the deflections of the cantilever with a
laser beamrbounce optical lever. A diode laser
source is focused onto the cantilever and
reflected onto a split photodiode detector. This
system is commonly found in commercial AFM
instruments and is capable of detecting
vibrations as small as 10 pm under ambient
conditions. The microwave output from the
sweeper is amplitude modulated by a 100 Hz
square wave. An alternative approach would be
to modulate the bias field to avoid the need to
disturb the device under test. The square wave
also serves as the reference for a lock-in
amplifier that measures the difference output
from the split photodiode detector. The lock-in
time constant is set to 100 ms. The reflected
wave from the microstrip resonator is monitored

with the tuning scope. The frequency is adjusted
to obtain a minimum reflected wave amplitude as
measured by the rf detector, indicating a
maximum coupling of power into the micostrip
resonator.

D. Sensor Fabrication.

Cantilevers are fabricated by starting with
double sided polished <100>-silicon wafer about
300 um thick. Wafers are striped of native oxide
in a buffered HF oxide etch (BOE) solution. A
250 nm layer of LPCVD low stress silicon
nitride is deposited onto the wafer: 85°C, 100
sccm dichlorosilane, 17 sccm ammonia, 250
mTorr. A 500 nm layer of low-temperature
silicon oxide (LTO) is subsequently deposited
onto the nitride: 450°C, 90 sccm oxygen, 66
sccm silane, 350 mTorr (Fig. 4a). The front side
LTO oxide layer is then patterned with a BOE
etch (Fig. 4b). This step removes the LTO from
the backside as well. A second 250 nm nitride
layer is grown on the wafer (Fig. 4c). The
backside nitride layer is then patterned with a
plasma etch: CF4 30 sccm, Oy 15 sccm, 50 W
(Fig. 4d). An etch pit is formed during a KOH
etch: 25% KOH in water 80°C (Fig. 4e). The
etch pit terminates at the nitride film on the front
side of the wafer. During the KOH etch the front
side LTO is protected from the KOH by the
second nitride layer. The cantilever is released
in the plasma etcher (Fig. 4f). An optical
micrograph of a cantilever is shown Fig. 5. The
cantilever has dimensions of 1000 pmx 20 wm x
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Fig.3 Detection electronics for FMR calorimetry.
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Fig. 4. Fabrication steps for bimaterial cantilever
(see text for details).

We prepared the active permalloy tip by
depositing 50 nm NiFe alloy (81% Ni) onto the
cantilevers. Depositions were done in a
diffusion pump vacuum chamber with a liquid
nitrogen cold trap. The background pressure was
2.66 x 10™* Pa. The films were evaporated from
alumina coated tungsten boats at a deposition
rate of 0.15 nm/s. The permalloy is deposited
onto the end of the cantilever using a shadow
mask to restrict deposition to only the very end
of the cantilever. This typically results in a
probe with dimensions of 20 um X 20 um x 0.05
um and a volume of V40 =2 X 107 m’,

500 um

Fig. 5. Photomicrograph of all dielectric bimaterial
cantilever
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Fig. 6. Peak cantilever vibration as a function of
microwave power. The inset shows a typical Lorentzian
absorption line observed for the sensor.

RESULTS AND DISCUSSION

Figure 6 shows the FMR microwave
absorption of the permalloy probe as a function
of microwave input power level The inset
shows a typical absorption curve. H, M, y’, and

o are determined by fitting the peak to a
Lorentzian line shape expected for FMR (see
Table 1). As expected the calorimeter signal is
linearly proportional to the input power to the
microstip resonator.

Figure. 7 shows measurements made on the
microstrip resonator by scanning the probe
approximately 50 um above the surface. The
stripline was carrying a 9.15 GHz microwave
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Fig. 7. Cantilever response as a function of position
across the stripline. Dashed curve is with bias field Hj
parallel to the stripline. Solid curve is with bias field
transverse to stripline.
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Fig. 8 Reconstructed amplitudes of the components of the
microwave field transverse to the stripline and
perpendicular to the stripline substrate.

signal and the bias field was fixed at 0.11 T.
Two orthogonal orientations of the bias field
were used to enable separation of the microwave
components. The solid curve shows the response
of the cantilever with the bias field in the z
direction, parallel to the stripline. In this
orientation, the instrument is sensitive to
microwave fields in the x and y directions. The
dashed curve shows the response with the bias
field oriented in the x direction, transverse to the
stripline for sensitivity to the y and z components
of the microwave field.

By symmetry, at the central antinode of the
resonator, there can be no z component of the
standing wave and there can be no circular
polarization in the x-y plane. Thus, the response
from the second orientation is from the y
component only. Using this restriction and the
relationship between y;, and y,,, the x and y
components of the microwave field can be
reconstructed from these data as shown in Fig. 8.
The results are in qualitative agreement with [1]
and [10].
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SUMMARY

We have developed a low insertion-loss
microwave probe based on FMR for power
measurements of magnetic fields near active
devices. The probe relies on a bimaterial
cantilever as a calorimeter sensor. The
cantilever is fabricated using dielectric films.
The probe currently has a lateral resolution of 20
um (defined by the probe geometry), and a
power resolution in the femtowatt range (limited
by thermal excitation of the cantilever).
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